With the rise in multidrug-resistant (MDR) bacterial infections, there has been increasing interest in combinations of ‡2 antimicrobial agents with synergistic effects. We established an MDR bacterial strain library to screen for in vitro antimicrobial synergy by using a broth microdilution checkerboard method and highthroughput luciferase-based bacterial cell viability assay. In total, 39 MDR bacterial strains, including 23 carbapenem-resistant gram-negative bacteria, 9 vancomycin-intermediate Staphylococcus aureus, and 7 vancomycin-resistant Enterococcus faecalis, were used to screen for potential antimicrobial synergies. Synergies were more frequently identified with combinations of imipenem plus trimethoprim-sulfamethoxazole for carbapenem-resistant Acinetobacter baumannii in the library. To verify this finding, we tested 34 A. baumannii clinical isolates resistant to both imipenem and trimethoprim-sulfamethoxazole by the checkerboard method. The imipenem plus trimethoprim-sulfamethoxazole combination showed synergy in the treatment of 21 (62%) of the clinical isolates. The results indicate that pilot screening for antimicrobial synergy in the MDR bacterial strain library could be valuable in the selection of combination therapeutic regimens to treat MDR bacterial infections. Further studies are warranted to determine whether this screening system can be useful to screen for the combined effects of conventional antimicrobials and new-generation antimicrobials or nonantimicrobials.
Introduction

B
ecause of widespread use of antimicrobial drugs over several decades, antimicrobial resistance has become an increasingly serious threat to global public health. High proportions of antimicrobial resistance in bacteria, which cause common infections such as urinary tract infections, pneumonia, and bloodstream infections, have been reported in both community-acquired and hospital-acquired infections worldwide. Recently, multidrug-resistant (MDR) bacteria have emerged as major pathogens in hospitalized patients, especially in critically ill patients. These bacteria are resistant to almost all commercially available antimicrobial agents. Since therapeutic options are limited, MDR bacterial infections are more difficult to treat, resulting in extremely high mortality rates. The occurrence of antimicrobial resistance continues to outpace the development of new antimicrobial drugs, and as the prevalence of infections caused by MDR bacteria continues to increase, demand for combination antimicrobial therapies is growing rapidly.
Because synergies can be observed with the combination of ‡2 antimicrobial agents, clinicians are often tempted to use combination therapies to treat MDR bacterial infections. 8, 21 There are several clinical indications for the use of antimicrobial combinations 1, 11, 16 ; however, synergistic effects are very complicated. For example, combined antimicrobial agents may demonstrate an undesirable interaction, that is, antagonism, against a given organism. In vitro effects of antimicrobial combinations have been assessed by various methods, and each has its potential advantages and limitations. 17 In this study, we established an MDR bacterial strain library for in vitro screening to detect synergies in antimicrobial combinations by using a broth microdilution checkerboard method and a high-throughput luciferasebased bacterial cell viability assay to measure fractional inhibitory concentrations.
Materials and Methods
Bacterial strains
The MDR bacterial strain library used in this study was composed of 39 MDR and 6 drug-susceptible strains. MDR bacteria included 23 carbapenem-resistant gram-negative strains, representing 4 genera (Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter baumannii), 9 vancomycin-intermediate Staphylococcus aureus (VISA), and 7 vancomycin-resistant Enterococcus faecium (VRE). Carbapenem-resistant K. pneumoniae, E. coli, P. aeruginosa, and VISA strains were obtained from Korean Centers for Disease Control and Prevention. Carbapenem-resistant A. baumannii and VRE strains were selected from the clinical isolates collection of the Catholic University of Korea connected hospitals (three hospitals). Four carbapenem-susceptible gram-negative strains (E. coli ATCC 25922 and ATCC 35218, P. aeruginosa ATCC 27853, and A. baumannii Aci100085 [clinical isolate]) and 2 vancomycin-susceptible gram-positive strains (S. aureus ATCC 29213 and Enterococcus faecalis ATCC 29212) were used as controls. In addition, 89 A. baumannii clinical isolates were screened for carbapenem susceptibility. Among them, carbapenem-resistant strains were used to verify synergistic effects of combination therapies.
Bacterial growth conditions and susceptibility testing
Each bacterial strain was grown on blood agar (Hanil Komed, Co., Seongnam, South Korea) or tryptic soy agar (Becton Dickinson, Sparks, MD), and the Mueller-Hinton broth (Becton Dickinson) was used for antimicrobial susceptibility testing and bacterial cell viability assay.
Susceptibility to a variety of antimicrobial agents, including amoxicillin-clavulanate (AMX), ceftazidime (CAZ), ciprofloxacin (CIP), daptomycin (DAP), gentamicin (GEN), imipenem (IMP), linezolid (LZ), trimethoprim-sulfamethoxazole (TMP/SMX), and vancomycin (VAN), was tested by a broth microdilution method, in accordance with the Clinical and Laboratory Standards Institute recommendations (2010). 4 All antimicrobials were obtained from Sigma-Aldrich Korea (Seoul, South Korea).
Luciferase-based bacterial cell viability assay
BacTiter-GloÔ microbial cell viability assay (Promega Corp., Madison, WI), a homogeneous method for determining the number of viable microbial cells in culture that is based on the quantitation of adenosine triphosphates present, was used for examining bacterial cell growth and evaluating antimicrobial activity. 9 All assays were performed in opaque-walled multiwell plates, according to the manufacturer's recommendation. Bacterial cell numbers ranged from 10 2 to 10 8 colony-forming units (CFUs) among strains used for the assay. The luminescent signal, interpreted as the relative luminescence unit (RLU), was measured using a SpectraMax L Microplate Reader (Molecular Devices, Sunnyvale, CA). Reported signals represent the mean of three replicates. The signal-to-noise ratio (S:N ratio) was calculated as follows: S:N ratio = (mean of signal-mean of background)/standard deviation of background. The data were used for constructing growth curves, for susceptibility testing, and rapid screening of combined antimicrobial effects in culture by the checkerboard method, and for determining growth of P. aeruginosa and A. baumannii strains in the presence of TMP/SMX.
Antimicrobial resistance genes in MDR bacterial strains
All MDR gram-negative bacteria were screened for the presence of bla NDM-1 , bla GES , bla IMP , bla VIM , bla AmpC , and bla KPC by polymerase chain reaction (PCR) and for bla OXA by multiplex PCR by using the previously described primers. 3, 10, 12, 13, 20 The primer sequences of the genes used in this study are listed in Table 1 .
All MDR gram-positive bacterial strains were screened by multiplex PCR for the presence of mecA and vancomycin resistance genes, as previously described.
6,15
Checkerboard synergy test A screening test for potential synergies was conducted using a broth microdilution checkerboard method. All assays were performed in triplicate with 96-well U-bottom microtiter trays in an eight-by-eight-well configuration. 2, 7 Each antimicrobial was twofold diluted with the concentration ranging from 0.063· MIC to 4· MIC. The gradient concentration of each antimicrobial was mixed in each well. Each well was inoculated with 5 · 10 5 CFUs of a bacterial strain in the cation-adjusted Mueller-Hinton broth. Positive growth controls that did not contain any antibiotics and negative growth controls were included in each assay. The combination of IMP plus GEN, CIP, or TMP/SMX was used for the pilot screening of synergistic activity against carbapenem-resistant gram-negative strains. For VISA and VRE, the combination of VAN plus GEN or CIP was tested. Microtiter trays were incubated for 18-24 hr at 35°C in ambient air. After incubation, growth was determined using microbial cell viability assay.
The total fractional inhibitory concentration (SFIC, FIC index), used to interpret the checkerboard synergy test, was calculated according to the following formula: SFIC = FIC of drug A + FIC of drug B. In this formula, FIC of drug A and FIC of drug B were calculated as follows: FIC of drug A (or B) = minimum inhibitory concentration (MIC) of drug A (or B) in combination/MIC of drug A (or B) alone. The results of the FIC index were defined as follows: SFIC £0.5, synergy; 0.5 < SFIC £1, additivity; 1 < SFIC £4, indifference; and SFIC >4, antagonism.
2,14
Statistical analysis
Fisher's exact test was used to compare categorical variables. Two-tailed p-values of <0.05 were considered statistically significant. We used SPSS software version 18.0 (SPSS Korea, Seoul, Korea) for the statistical analysis.
Results
MICs and growth curves of bacterial strains in the MDR bacterial strain library
All bacterial strains in the MDR bacterial strain library were tested for antimicrobial susceptibility to single antimicrobial agents by growth curve analysis. MIC ranges of 23 carbapenem-resistant gram-negative, 9 VISA, and 7 VRE strains are presented in Table 2 .
The bacterial cell viability assay showed that the S:N ratio correlated with the bacterial cell number (Fig. 1) . The percentage of RLU (%RLU) relative to the positive growth controls correlated with results of the conventional MIC assay. Growth curves were also used to determine >2-log kill dose of a drug alone or in combination.
Antimicrobial resistance genes in MDR bacterial strains
The characteristics of antimicrobial resistance in MDR bacterial strains are listed in Tables 3 and 4 . Three of seven (43%) carbapenem-resistant K. pneumoniae strains carried bla KPC . Of the eight carbapenem-resistant P. aeruginosa, bla IMP was detected in six strains (75%). Two distinct bla OXAlike genes, bla OXA-23 -like and bla OXA-51 -like, were identified in five (71%) and two (29%) of seven carbapenem-resistant A. baumannii strains, respectively. All carbapenem-resistant A. baumannii strains contained bla AmpC . All VISA strains carried mecA, but no vancomycin resistance genes. All VRE strains carried vanA.
Pilot screening of combination effects in the MDR bacterial strain library
Antimicrobial agents were screened for combination effects against all 39 MDR bacterial strains. Based on the MIC and known mechanism of action of each antimicrobial agent, the combinations of IMP plus GEN, CIP, or TMP/ SMX were the preferred regimens in the pilot screening for synergistic activity against carbapenem-resistant gramnegative strains. For VISA and VRE strains, combinations of VAN plus GEN or CIP were tested for synergistic effects.
The characteristics and SFIC values of 23 MDR gramnegative strains are shown in Table 3 . Regardless of the combination regimen, additivity was the most common effect observed in all 23 strains (37/69, 54%). None of the antimicrobial combinations showed antagonistic activity against any of the strains. Overall, the combination of IMP plus TMP/SMX demonstrated synergy most often against the carbapenem-resistant bacterial strains (7/23, 30%). Table 4 shows the characteristics and SFIC values of 16 MDR gram-positive strains. Both the combinations of VAN plus GEN and VAN plus CIP showed synergistic effects against one of nine VISA strains (11%). For the seven VRE strains, synergy was detected more often in the combination of VAN plus CIP (100%) than in the combination of VAN plus GEN (29%; p = 0.021). 
SCREENING FOR ANTIBIOTIC SYNERGIES BY MDR BACTERIA
Synergistic effects against A. baumannii clinical isolates
Based on the pilot screening results, in which the combination of IMP plus TMP/SMX exhibited synergy most frequently (71%) in carbapenem-resistant A. baumannii strains, the SFIC of this combination regimen was confirmed by testing against A. baumannii clinical isolates. In addition, the >2-log kill dose was confirmed by growth curves of A. baumannii determined by the bacterial cell viability assay.
The MICs of IMP and TMP/SMX were established by a broth microdilution test. Of 89 total A. baumannii clinical isolates, 52% (46/89), 55% (49/89), and 38% (34/89) were resistant to IMP, TMP/SMX, and both IMP and TMP/SMX, respectively. Twenty-eight strains (31%) were susceptible to both. Among these isolates, the 34 clinical isolates resistant to both IMP and TMP/SMX were selected for the checkerboard test. The cumulative incidence of 34 A. baumannii clinical isolates in the FIC index of IMP plus TMP/SMX is shown in Table 5 . The FIC indices of IMP plus TMP/SMX ranged from 0.313 to 2.000, and the FIC indices for 50% and 90% of the isolates were 0.500 and 0.750, respectively. The combination of IMP plus TMP/SMX exhibited synergy or additivity in 31 (91%) isolates. Indifference and antagonism were observed in 3 (9%) and 0 (0%) isolates, respectively.
Discussion
In this study, we established an MDR bacterial strain library that included 39 MDR bacterial strains and 6 susceptible strains. We tested these strains for combination effects of IMP or VAN with GEN, CIP, or TMP/SMX by using the broth microdilution checkerboard method and a luciferase-based bacterial cell viability assay. The pilot screening tests showed synergy or additivity between IMP and GEN, CIP, or TMP/SMX in tests against most carbapenemresistant gram-negative bacteria and between VAN and CIP against all VRE strains. The combination of IMP plus CIP was highly effective against carbapenem-resistant P. aeruginosa. In particular, synergistic activity of IMP plus TMP/ SMX against carbapenem-resistant A. baumannii was remarkable. We performed synergy testing against 34 A. baumannii clinical isolates resistant to both IMP and TMP/ SMX, and synergistic or additive effects were seen against most of these isolates (91%).
Because of the growing incidence of resistance against blactam antibiotics, carbapenem is frequently used as the primary treatment for gram-negative bacterial infections. Consequently, carbapenem resistance in gram-negative bacteria has emerged as a major threat to hospitalized patients and has contributed to higher rates of treatment failure and mortality due to inappropriate antimicrobial therapies. 5, 18, 19 Vancomycin resistance in gram-positive bacteria has also received attention because of the extremely limited treatment options for these strains. The emergence and spread of these resistant strains has made monotherapies of carbapenem or vancomycin inappropriate.
The MDR bacterial strain library that was established in this study included carbapenem-resistant gram-negative bacteria (4 genera, 23 strains) and vancomycin-resistant gram-positive bacteria (2 genera, 16 strains). This library was used not only to evaluate the combined effects of ‡2 antimicrobials in bacteria at the species level but also to assess these effects in individual isolates. We observed that synergies of certain antimicrobial combinations were not ''all or none'' phenomena in a single species.
In vitro evaluations of synergy between antimicrobials can inform the selection of combination antimicrobial therapies for MDR bacterial infections. Various in vitro methods have been used to detect synergies, and each method has strengths and weaknesses. Among these methods, the checkerboard and time-kill methods are the most widely used. Despite the advantage of allowing an assessment of bactericidal activity, the time-kill assay is a timeconsuming and laborious process. Thus, the time-kill assay cannot be used routinely to test many strains, as is required in a clinical setting. In comparison, the microbial cell viability assay is more convenient, less labor intensive than the time-kill assay, and can be used in conjunction with the checkerboard method. In fact, increases or decreases in microbial activity determined by the checkerboard test can be confirmed by the microbial cell viability assay. Representatives of various antimicrobial classes, which differ in their targets and mechanisms of action, were used to screen combinations of carbapenem or vancomycin with other antimicrobials. Considering the MICs and different mechanisms of action, GEN, CIP, and TMP/SMX were selected to screen for combination effects with IMP or VAN. Specifically, our pilot screening suggested that IMP and TMP/SMX, which inhibit both de novo folate biosynthesis and metabolism, might show greater synergism than other antimicrobial combinations against carbapenemresistant A. baumannii strains. When we tested for this combination effect in A. baumannii clinical isolates that were resistant to both IMP and TMP/SMX, synergy or additivity was observed in 91% of the isolates.
Our study has some limitations. The number of representatives of some bacterial species, such as E. coli, was too small. Additional combinations, including new and diverse antimicrobials, could be evaluated. However, the aim of this study was to establish a platform for in vitro evaluation of combined therapies against an MDR bacterial strain library and to demonstrate convenient methods, including the checkerboard and microbial cell viability assay, for use in these evaluations. This platform may be useful for in vitro selection of combinations of antimicrobials and/or nonantimicrobials in upcoming studies.
In conclusion, the combination of IMP plus TMP/SMX showed synergistic activity against carbapenem-resistant A. baumannii strains in an MDR bacterial strain library, using the checkerboard method and microbial cell viability assay. The pilot screening results were verified by testing against A. baumannii clinical isolates resistant to both IMP and TMP/SMX. These findings suggest that our pilot screening against this MDR bacterial strain library can indicate promising combination therapies for use against clinical strains.
